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Abstract
The effects of gravity on the low veloclty penetration
of .a projectile into Ottawa Sand are investigated in this
study. A cylindrical aluminum projectile weighing 64.1 gm
is fired at velocities in the range 800-1500 cm/sec into a

bed of Ottawa Sand at gravity levels of 0.17, 0.38, 1.00,

and 2.00 g. Maximum penetrations are compared at these
levels. An inverse relationship is found between maximum
penetration and gravity.

Terrestrial soll penetration equations are discussed
and compsvred with the data from the experiment. A mefthod to
transform a terrestrial equation into an equation valid at
gravity levels 1in the range of the experiment is suggested.

Deceleration traces are produced by computer from pene-
tration-time data that is fit with a least-squares poly-
nomial and mathematically differentiated. Double-peaked
curves result at all gravity levels. Trends in properties
of’ the curves are discussed.

Recommendations are made for further work in the area.
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GRAVITY EFFECTS ON LOW VELOCITY PENETRATION
OF A PROJECTILE INTO A COHESIONLESS MEDIUM

I. TIntroduction.

Low veloclity penetration of projectiles into soil tar-.
gets is interesting for several reésons. Early interest was
aroused by the invention of artillery and the subseguent
desire to protect men and structures with earth embankments:
Modern interest has grown with the possibility that the soil
penetration event might be used to determine the in situ
properties of remote soils (Ref. 1,4,7,14,20,21,26). The
remote penetrometer concept is considered applicable to
interplanetary soil testing (Ref. 20:2) but the effects of
a different gravity on thée theories invcived have not yét

been experimentally demcinstrated.

Purpose gnd Scope

The purpose of this ‘investigation was to determine the
effects of gravity on the maximum penetration resulting from
a low velocity projectile impacting a coﬁesionless soil tar-
get. The cheice of a cohesionless medium (Ottawa Sands) for
the target was made because this is perhaps the easiest soil
to control in an experimental environment. The basic ex-
periment was designed to produce identical penetration
events over a range of gravities which included the values
0.17 é, 0.38 g, 1.00 g, and 2.00 g, where g is the magnitude

of gravitational -acceleration on the Earth.*

¥ g on the Earth is 981 cm/secz, at U45° latitude and at sea
level )

[
A oo TSR R
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The ideal experiment woula keep all other paraneters

of penetration perfectly constant while allowing gravity to

\o.d

‘Margfin a2 controlled manner. Any changes observed in the
‘maximum penétrations from oneag level to another could then «
- ibe attributed to the influence of gravity. A literature
7<search wz3 conducted to determine some parameters that were
known functlons of gravity, and extensive teéting was done
" in the laboratory to determine the effects that other param-
eters had on maximum penetration.

Gravity simulation was accomplished aboard a KC-135A
airépalft which flew controlled parabolic maneuvers (Ref.l13).
‘The desired gravity simulation was attained over the top. of
fﬁése:mahggvérswand the level aﬁtaiﬁed depénded on parabolic

: eccentricity Thé use: of the airéraft placed. stringent

:iiyim@tatiéngwon‘thg désign of thé experiment which are out-
\:iih@diin Section IV of this paper. The basic limit was on -
i@ﬁéasize:of*the bed of gand: This, in‘tuﬁﬁ;‘diﬁtated the
f?fd@eqtilésmasswand,impact vé@bciﬁ; that could be uved.

In these egperiﬁénts a cyiindrical aluminum projectile

‘7qéig§ing 6u¢i grams was- fired at a velocity of from 800 to
':§;15DG cm/sec into the sand bed. The projectile which was

s

flat-nosed, had a length of 33 cm. and a diameter of 1.27

l:‘ Cm .

T

Pre~impact projectile velocities: for the air-borne

<

)éxpériments were determined by post-shot measurements made

W

thn»successive frames of high~speed motion picture f£ilm.

Because these Tillms were availlable, 1t was pqgsible to

L ] Rl ISR
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determine penetration-time plots from them for each shot
fired.

Deceleration-time traces from other exberiments are
available for impacts in soll in a 1 g environment .(Ref. &,
21,26) but possible effects of gravity on such traces have
not been experimentally demonstrated. In theory, a least-
squares polynomial it could be made to the penetration-
time data of this experiment and the result twice-differen- .
tiated to obtain deceleration-time curves.

The usual procedure in other experiments had been to
place accelerometers in the noses of projJectiles and to
photograph an oscilloscope display of their response to

impact. ‘The deceleration~time plots thus obtained are in-

- tegrated to obtain velocitj-time and -penetration-time plots..

In this experiment a more difficult method was used. Curves.
were fitted to penetration-time data points and then twice
differentiated to obtain deceleration time plots. The
method was unproven, but was used anyway because of the

lack of any such curves at gravity levels other than 1 g.

Method of Attack

The report begins with a section on attempted deriva-
tions of soll-penetration equationse This is followed by a
discussion of soil properties that have been shown to be
functions of gravity. The experiment and its results are
presented in the next two sections. The final section con-
tains conclusions drawn from the experimental results and

makes recommendations for further work in the area.

il THRORTATS
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II, Factors Affecting Soil-Penetration on Earth

A’ terrestrial soil-penetration is a function -of many
variables. The number of variables 1s the greatest reason
why no purely analytical solution to the problem is current-
1y available. Empirical solutions exist and the effects of
easily isolated variables are quite well known: The most

easily isolated variables are the chardcteristics of the

" penetrator and fhe energy that the penetrator delivers to

the soil. The variables that are difficult to isolate and

control are 'the properties of the target soil itself.

‘HistoficaliBackground

’ Sémi-analytical Appndéches. Early attempts at develop-
ihg soil-penetration equations started with Newton's equa-

tion «of motion in the form

fWhgﬁg M = mass of a projeétile and the soil traveling
~ " with it. ’
= acceleration due to gravity
F ?'soii resistance fofée

a ='proJectileAacceleration
(ref. 28:2)
From this point, most early investigators néglecfed
the gravity forée and the mass of soll traveling with the
projectile .and redefined Eq. (1) as

NN e ™ NG T e KGRI T AT B S g o 0 R e K TR R S A T e

- gw s
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-M_vav
F MpV__

dz

(2)

where Mp was the mass of the projectile, V was velocit&, and:’
Zz was the depth the projectile traveled into the target.

The functional form of the soill resistance force was
then assumed. Under the assumption that the soil targetiﬁé§
homogeneous mass, corisiderations of fluid. dynamic drag

yielded a resistance force (Ref. 7) of the form

a + by + eV’

F ~(3)

where a, b, and ¢ were constants. Various formulas for max-
imum penetration resulted from different assumpticns ?bbut

the constants.

! One of the moét widely used equations of this form was’
that of Jean Poncelet as discussed hy Young (Ref. 28). He
assumed a soil resistance force .
F = £,(z) T,(V) (4)
where fl(z)‘= kA o
(A =,cross-secticnal area)
f2(V) = a + bV
in which a, b, and k were constants. The resulting equation.
for maximum penetration was
A ) 2.
- W 1 + bV,
P b ln[——1r———] (5)

P T

R SR
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Where Pm = maximum penetration
W = projectile weight
Vo= impact velocity
Investigators have since worked with the Poncelet

equation in attempts to evaluate the constants for different

soils and soil conditions. In 1910, Petry (Ref 28) experi-
-mentally evaluated the constants and developed an equation

‘ -ﬁhat hgsvéince been used extensively. The equation was of

the form

2

vV
W _Yo ]
Pm = K K loglo [l + 215’00UJ (6)

wheré K was a constant which -described the penetrability of

" 'thé: soll target.
A recent innoyation to the form of the soil resistance

ffbr¢é\Waé‘thé‘assuhption by H. J. Moore (Ref. 20) that the

force was proportiondl to the confining pressure on the

Modre.déveloped an equation to predict maximum penetra-
tion by integrating the resistance force, F = Kpgz, to a2
depth; Pm’ and equating the resulting work to the kinetic

energy of the projectile at impact. (Seé Appendix E.) ‘The

equation was

¥ \Caniningvpressure varies wlth depth,‘soil density, and
‘gravitational acceleration. It 1s defined by the expression

P = pgz, where P is confining pressure, p 1s soil density,
and z is depth into the soil. (See Ref. 24:184~200.)

*s
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, +
P = xﬁ[gﬁ?%. (E) v - A7)
m \ g o

where
%

K'= a constant

= projectile mass density

L = projectile length -

Moore's equation has been shown (Ref. 20:44) to give '
good fit to a set of low velocity penetration‘data‘obtainedk
by Sandia Laboratories (Ref 29). -

The dependence on gravity and soil density, evideht.iﬁ
Moore's equation, was a change from the semi-analytical
equations previously discussed. The dependence on gravity
in these other equations was usually found in the welght of
the projectile, while dependence on soil density was hi&dén
in the various constants.

Discussion. The thing that has prevented: a completely

analytical solution to the problem has been lack of know-
ledge of the exact form of the soil resistance force. If
‘this form were known and if 1t wWere integrable oyer the
depth of penetration, Eq. (1) would yield an exact solution.
{See Appendix E.)

Empirical Approaches. C. W. Young (Ref. 28) of Sandia

Laboratories has developed a completely empirical equation.
His basic assumption was that the correct form of the

equation was

Py = £1(N) £5(4) Y3(W) £y (V) fS(S) (8)
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projectile nose~performance

E where N
coefficlient
= frontal area |4

projectile weight

< = ¥
n

= veloclity
S = soil constant or funetion
The results of more than 200 full-scale earth penetra-
tion tests were used by Young to evaluate the five funetions
of Eq. (8). The resulting equation was (for velocities less
- than 200. feet per second)

\
z. 2 -5
Py = 0.53 88 “in(2v_.107" +1) (9
A

. Soil Properties. Little work has been done to isolate

<the effects of specific soil properties on the penetration t

_ ‘process: Nearly all existing equations lump soil proper-

il ) ties: into a constant or function. The Moore equation (Eg.
:

J(?&‘) 15 an example that shows explicit dependence on soil

density. An equation attributed to Nara and Chem (Ref. 11)

sShows dependénce on both density and angle of internal

Uy GENY RRET T RNl AN G4 v s

friction. This equation is

b = a constant

%‘ M A 2

i A A + . R .+ V

‘ \ 2Ab M ’ i

i3 & p8N . ¢ + P

i _ Abps q +0 6pgk¥Rf pqu n

& " \

§j where . Rf= frontal radius of projectile 2
-g:‘; -
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Nq,NY= bearing capacity factors (functions

of angle of internal friction)

Though it is not gxperiméntally’or analytiéa11§ prbyep,
one must expect the shear modulus of a soil t§~héYe an .’
effect on maximum penetration since the primary mbdg of
failure in soils 1s most often>Shear; This 41s especially
true of granular soils (Ref. 22:14). - o e

The dynamic nature of the probiem should make it de~-
pendent on cbmpreésiénal and shear ane:Velocitieé asrwelléA

Conclusions. The following general conclusions can be-

stated:

1. Maximum penetration is proportional to projectile

-

mass and inversely proportional éd‘cross-Seqtiéﬁa;

area.

2. Maximum penetration is proportioral to the impact °

velocity of the projectile.

3. Maximum penetration is inversely preportional to-
soil density. '

4, Maximum pehetration is affected by the shape of
the nose of the projectile.

5. Maximum penetration can be related to diffénent
soils through a constant or function which is dependenﬁ
on the properties of the solls. The soil prdperties

which make up this constant or function are not com-

pletely known.
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III. dravity Effects on Soil Properties

Soil properties -are the only parameters that will be

‘aitergg when a penetration takes place at a different gravi-

ty level. The‘chanactéristics.of the projectile are fixed,

and the. energy that the projectile brings to the target is
fixed (neglecting potential energy). Changes in maximum
penetration can, therefore, be attributed to changes in the
'pﬁopertigé of -the soil. Some soil properties are known to
be fuhétibns of gravity. They are discussed in this sec-

tion;

" ‘Shear Btrength

~<

) jTﬁe:yield-§trength of a cohéesionless medium is the
‘ébé;ﬁ §£féﬁg§h«of the.material-because.shearing is the pri-
ﬁéﬁ&;@odé of failure. The shéar strength on any plane in a

cohesiciiless medium is directly proportional to gravity

‘ ?Shéaﬁ‘quuluc

'Thejéﬁegr modulus of a material is defined as the ratio

of ‘Shear stress to shear strain (Ref. 6:129). The shear

~féodﬁ;us of Ottawa Sand has bezn shown (Ref 8) tc be a func-

tion of gravity. Figure 1, on the following page, is a

1g§a§h;of the variation of shear modulus with gravity for

Ottawa Sand from B. 0. Hardin (Ref. 8).

‘Compressional Wave Velocity .

‘ Compressional waves are developed in cohesionless media

ﬁy penetration events. They seem to be important to the

10
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process (Ref. 3). Allen, Mayfield, anid Morrison, in experi-~
ments with Ottawa Sand, noted that the drag coefficient
changed abruptly as the velocity of the projectile in the
sand reached the compressional wave velocity’'of the sur-

rounding matter. This indicated two different reglons of

Jpenetration that were described by different equations. The

variation of compressional wave velocity with gravity (con-
xﬂihing pressure) 1s shown in Figure 2 on the following page.
Veloeities in this work remain below the compressional

wave velo¢city of the Ottawa Sand at all times.
) Other properties of the sand are not expected to vary

with ‘gravity. Mass density, water content, and void ratio

'cért#inly will not. (See Appendix B).

Previous Gravity Work

The effects of gravity on results in other experiments

ithl?ins dynamic-loading of cohesionless medla have been

 reviewed. The effects on simulated meteorite impact craters

were studied by Smith and Franklin (Ref. 22). Moraski and
‘Teal (Ref: 19) used deflagrating explosives to study crater-
ing_in Ottawa Sand at different depths of burst over a range
of gravities. Victorov and Stepenov (Ref. éS) used acceler-
ated frames to vary gravity while studyling cratering in
moist sand at 1, 25, 45, and 66 g. The results of the first
two -experliments gave a range of dependence whlch increased
‘as the scaled depth of burst of the explosive inzreased.
The‘dependence noted by Victorov and Stepenov was slightly

less.
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Figure 3, page 15, 1s a log-log plot of crater diame-
ter versus gravity at a one inch scaled depth of burst as

dgte?mined by Moraskl and Teal. The range of slopes from

thelr experiment was from -0.11 to -0.16, varying'with
scaled depth of burst.

Lynch and Higgins (Ref. 13) performed beéfing capacity
‘tests on Cttawa Sand at varying gravity levels and found
that bearing capacity increased with gravity. Theilr exper—

1iment used ‘very small loading rates and may have been a
stati¢-loading problem.
the Russians I. I. Cherkasov, et al (Ref. 5) discusseq
the results,of a soll penetrcmeter experinent aboand the,
,automatic lunar station Luna 13. They determined that pene~
'mtration would dneréase with decveased gravity such that a
penetrometer would penetrate 1.7 times. deeper on the 1unar

Lot

su;face thap;onuthg earth.
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IV. Description of the Experiment

Baséd.grimarily on the previous two sections of this
paper, an experiment was designed and performed to determine
%hé effects of gravity on maximum penetration in Ottawa
‘Sand. A general description of the experiment 1is given in

this section.

‘Materials
The primary material in the experiment was Density
Sépd,,CN+501, obtained from Soiltest Corporation, Evanston,

.Illinois. It was used as a representative cohesionless

-

° medium because of Jts lack of molsture, its stable void

- ¥

. fatiq,Aandﬁitélcleanliness. ‘These properties are detailed

.and diseussed in Appéndix B.

vcgmpnéésed—air Wés>uséd as the propellent to produce
lmpg¢§‘velqgities. It was stored in a standard 2000 psi

rgressdfe*bobtle.

Equfpment .

A detailed deséription of all equipment is found in
Appendix*G. it'basically conslisted of an air gun which
fired projectiles at measured velocities into a bed of sand.

- Additional -equipment consisted of firing circultry and
féloéity measurement systems.

‘ The basic projectile cbnfiguration was an aluminum
cylinder with a flat nose. The basic impact velocity was
about 1300 cm/sec.

Gravity simulation was obtained aboard an aircraft

16
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which flew controlled parabolic maneuvers.,

Test Aircraft. The alrcraft used to provide graV1ty

simulation was a United States Air Force KC-135A, operated
by the Directorate of Flight Test, Aeronautical Systems
Division, Wright-Patterson AFB, Ohio. It flew parabolic

51 S

maneuvers during which the values of 0.17, 0.38, and 2.00 g

were attained with an accuracy of plus or minus 0.01 g.
The average duration of the altered gravity condition was
about 30 sec, except for the 2.00 g maneuvers which lasted
about 10 seconds.

The requirements and limitations presented by this
aircraft were largely responsible for the design of equip-
ment and procedures. /

The experimental package was limited in size by thé
dimensions of the fuselage of the aircraft and the size of
the cargo hatch through which it had to be loaded.

Sand particles éould not be allowed in any of the
electrical or mechanical equipment within the fuselage, so
the target bed had to be completely contained. All equip-
ment and instrumentation had to be braced so that nothing
would tear loose under a load of 16.00 g along the roll
axis of the aircraft. Vibrations ware present which re-
quired that the equipment be designed as simple and durable
as possible. Simplicity and durability were also important
because the experimental package was transported to and
from the aireraft by a forklift.

It was important in these tests that the manipulative

17
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effort required of the experimenter be minimized. This was
because the parabolic maneuvers of the aircraft are daiffi-
éult to adjust to and often produce nausea. Although one
becomes accustomed to the experience with time, true comfort
is impossible. The -detriméntal effects on the experimenter
‘of performing in an environment with rapidly changing g
values were anticibated and the experimental procedure was
:Si@plified as much as possible.

Plywood Enclosune.» Safety requirements dictated that

- sand particles could not be allowed in the fuselage of the
éirqraft.4 A plywood container for use in aircraft-borne
eiperimenfs‘hgd‘peen constructed previously (Smith and

}?ﬁénkl@ng 1967; Moraski and Teal, 1965). The same container

"~ was..adapted for this work. It contained all of the equip-

g@entrwiﬁh'the exception of the compressed air supply line,
J'géuges and valves; the solencid triggering circuit; and the

:‘~¢ahera equipment. (Se¢e Appendix C.)

' | gig_ggg. The air gun used to fire the projectiles was

‘_déSIgned and constructed at the Alr Force Institute of
Technology: (See.Appendix C:) It was basilcally a pressure

~ éhaﬁber that: was sealed.only when a projectile was held in

-~the barrel. _

Tfiggering was donevelectrically with the pull of a
:gqlenoid. This method -‘was used because a nearly constant
tgigéer pull was néeded for consistency in the velocities

produced at a given chamber pressure (Ref. 23).

Projectiles. The projectiles were cylindrical in

18
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general shape and were constructed from eithef aluminum bar
stock or tubing. Replaceable noses were made for each of
the projectiles, one flat and the other hémispherical.
Four basic configurations were thus possible and were desig-
nated Al-1-F, Al-1-R, Al-2-F, and Al-2-R. Al-1 referred fo.
the heavier body (made from bar stock) and Ai-2 referred to
the lighter body (made from tubing). The final F or R de-
noted the flat or the round nose. Al-1-F and Al-1-R welgh-
ed 90.9 gm. Al-2-F and Al-2-R weighed 64.1 gm.

Al1-2-F prcved to be the projectile which penetrated
the least at a given impact veloclity in the laboratory.
For thé remainder of this paper, references to the basic
projectile will be references to the Al-2-F configuration.

Target Bed. The size of the box which held the sand
target was chosen to negate boundary effects. The upper
1imit on its size was the space available within the enclos~
ing box, with reductions made for the spacé to be occupled.
by the air gun and other equipment. The dimensions were
determined during preliminary testing by trying sand beds 7
of graduated size. A small bed was penetrated initially
and progressively larger beds were tried until no apparent
change was observed in the maximum penetration of the
basic projectile at 1300 cm/sec. This occurred with a
cubical container that was 36 cm on each side. More pene-
tration was expected at lower gravities, so an arbitrary
factor was incorporated, bringing the dimensions of the box

up to 61 cm on each side.

19
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The container for the sand was made of plywood. It

was lald on the floor of the enclosing box and securely

braced.

.

Procedures and Conduct

Measurement of Impact Velocity. There were two methods

used to measure impact. velocities. The simplest method re-
corded the time that the falling projectile shaded a photo
diode from a point light source. This time was used to cal-
culate an average velocity over a drop equal to the length
of the projectile. .

The more complicated method used. high-speed photo-
graphy. The film speed was monitored to give a time base,
and a grid was pre-exposed onto each frame of .film for a
distance scale.

The results of the two métﬁods were compared énd found
to give approximately equal Qelocities. The methods were
1nc6mpatib1e because of the intense lighting required for
the high-§peed cameré and could pot be used together. How-

ever,,given pressure settings produced equal velocities as

:measured by the two methods.

The photo diode-method was used for nearly all of the

preliminagy laboratory testing. The high-speed camera was

used' for all tests aboard the alrcraft.

Measurement of rlaximum Penetration. Maximum penetra-

tion was measured in two ways. One method was used on all
tests. It used a scale graduated in millimeters to deter-

mine how much of the projectile remained above the surface

20
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of the sand after penetration was complete. , T

When high-speed photography was usdéd to meaguré 1mpégé.};
velocity, the penetration could be read directly from the =
exposed £ilm by noting the positions in the grid of the back
of the projectile at impact and ﬁhen penetration was.com-
plete. Maximum pénetration was the difference bgtwéén;the
two positions, since the projectile was assumed not to de-
form during the event.

When measuréﬁ?ﬁts were made for the same shot with:

both methods, values were never found to vary more than 0.25

cm.

Preliminary Testing. Externsive ground test;ng~ﬁa$

done to determine the cptimum containef size for théfﬁaré?ﬁ-
bed, the maximum velofc.ity that could be stopped by this.
container size, éﬁéﬁber‘pressure-velocity curvesffo? thé»
air gun, the best method of target prepéﬁation, and ﬁhé-
effects on maximum penetraticn caused by varying certain
parameters at 1.00 g in the laboratory. ' )

',Calculations showed that the two feet of fiee~f§1ifofA
the projectile at aiffefent gravity levels wéuId"hbt ca’us:e‘u
the impact velocity to vary appreciably. Since'thig was ,
the case it was possible to get an almost con;tant impaét e
velocity over a series of impacts by only-dhceiadju§ting _
the pressure in the gun chamber to a predetermined vaiué.

Tests by other persons (Ref. 17) had indicated that

target preparation was extremely important for consistent ;

data. Each penetration caused a crater to form and greatiy

21
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disturbed the sand around the impact point. To prepare the
target bed for the next shot, it was found that the follow-
ing procedure gave the best results:
1. The projectile was taken out of the sand.
2. ‘The crater which remained was filled with fresh
sand, plled to a height of about 10 cm above the normal
surface of the sand bed.
2. %he mound of sand was slapped and remcunded 25
times with a flat aluminum striking plate.
b, The surface was scraped level.

- Since a great deal of vibration was known to exist

aboard the aircraft (Ref 22), and since vibrations would
ténd téﬁsettle-fhe sand bed to its densest state, this
‘&éhsgst'State ﬁas the goal of the procedure described above.
| Thg’dénsity of the sand was not expected to change more
_ than five percent (see Appendix B), but the effect of such
'a change on the dynamic properties which were known fune-
) ﬁféné‘of density (Section III) was not certain.
cTimé had to be conserved aboard the aircraft because
;bg thé expense 1n§olved in flying and the difficulties
i énéountéfed in trying to schedule flying time. A definite
~‘seqﬁenée_of tasks was developed and practiced on the ground
:foi this reason. All camera related tasks were assigned to
-a bhotographic assistant. PreparationAof the air gun, pro-
jectiles, .and sahd bed was divided into the following tasks
:which were performed by the author:

1. The target bed was prepared and leveled.

22
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2. The projectile was chambered in the ailr gun.

3. The sequence card was placed in the -card c¢lip to-°-
identify the next shot. Information of ﬁhe:caﬁdﬂin;
cluded the projectile, the chamber pressure, the .
gravity level, and the sequence number. -

4. The pressure chamber was charged ‘to the corfecg
pressure and the shut-off valve was closed.

5. The box was shut and the access door latched.

6. The firing cycle was initilated.

7. When the firing cycle was complete, th2 door was
opened and the penetration was meééﬁibd with the scale.

8. The routine was repeated from step 1.

In the. laboratory, the procedure required abouec three--.

8,
) ninutes to camplete. This was less than the time it took
N 3

Qhe photographic assistant to clean and reload the camefa.
Total time for one shot in the laboratory was therefore
about five minutéé.

The same basic procedure was followed aboard the air-
craft. The only important a2ddition resulted from the fact

that the aircraft commander monitored the accelerometers in

the cockplit and had to inform the researchers in the back o

when the gravity level had been reached. He did thi; by
giving the cormand, "Release", over the internal communica-
tions system. Step 6, triggering of the firing cycle,was
held until this command was heard.

Aircraft Environment. The cabin pressure in the air-

craft was kept at about 634 mm Bg. This was the same for
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all flights. Some lag existed during the parabolic maneu-
vers but ls probably insignificant and is neglected in
this report. The temperature in the cabin was kept at
appro;imately 60 degrees Fahrenheit.

Because of the difference in ambient pressure between
tthe aircraft and the laboratory, a number of shots were
fired in level flight for comparlson with the laboratory
tests. The inaccuracies resulting from the lack of precise
control of gravity In level flight are ilgnored.

Quantity gE.Data. A total of 195 penetrations were

recorded at 1.00 g, 7 in level flight, and 98 in the labora-
Eory. 27 usable shots were fired aboard the airecraft at
different gra&ity»levelsu

A1l of the data at 0.38 g was taken on the first
flight. Data at 0.17 and 2.00 g were taken on the three
foliowing flights. Shots in level flight were fired on
each flight. The data from all recorded penetrations are

‘tabulated in Appendix A.
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V. Presentation and Discussion of Results

In this section, the results of the experiment. are pre-
sented and discussed. The three phasés, in order of appear-—
ance, are laboratory test results, gravity teqt-résuits?

and deceleration-time curve results.

Laboratory Test Results

Testing was done in the laboratory .o learn as much aé
possible about the soil penetration event. Many shots were
fired only to help in organizing the work to be done aboard
the aircraft. Most of these shots were spent in the devei—
opment of a procedure for repairing craters in the sand bed
(Section IV). Others were used to obtaln chamber pressure-
velocity curves for the air gun. (See Appendix C.)

Y Data on both maximum penetration and impact velocity
were taken for 105 shots at the 1.00 g gravity level, 98 in
the laboratory, and 7 in level flight aboard the alrecraft.
14 shots at 1.00 g were recorded on high-speed film.

There seemed to be a significant difference between

the sample means of the maximum penetrations in the labora-

tory and the maximum penetrations in level flight. The
sample mean of the laboratory penetrations‘with the basie
projectile confilguration at an impact velocity of 1300 rm/
sec was 11.9 cm with a standard‘deviation of 1.50. For'
this reason, the 7 shots at 1.00 g in level flight were
used. exclusively for comparison with shots fired at the

different gravity levels obtained in flight.
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The difference noted between laboratory and level-
flight penetrations can possibly be explained by listing
the variations in experimental environment. The most

obvious -difference was in ambient pressures. The cabin

‘pﬁessure maintained aboar:: the alrcraft was less than lab-
.aratory ambient pressure by about 120 mm Hg. The confining
pressure on a soll element at a given depth in a bed of
;coheéionléss sand will be a function of the pressure at the

surface of the bed. The effects of confining pressure on

dynamictéoil properties have been indicated in a previous

,seétion. Reduced ambient pressure would imply reduced con-

‘figipg‘preSSure~and penetrations would be expected to

inéréase; It is. doubtful, however; that such a swmall de-

~éreaSe in ambient pressure would be enough to cause the

- differences in penetration observed in this work.

"~Changes in the void ratio of the target bed could
déf;nitely have occurred between the laboratory and the
alrcraft, but the changes should have densified the sand
and caused less penetration.

Level flight in the ailrcraft cannot be a controlled
éravity maneuver, and it is concelvable that slight pockets
of'legé dense air were encountered by the airecraft during
the shots. Such pockets would cause the aircraft to drop
and produce a condition of lowered gravity.

All measurements of impact velocity were made from
high-speed film for the shots aboard the ailrcraft, but the

majority of laboratory velocities were measured with the
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photo diode circuit. There may have been a cdnsistent

difference in impact velocities that was not noticeable ;nf
the two measurement systems.

In the laboratory, the characteristics of the proJeqév
tile and the impact velocity were varied in attempting ‘to |

correlate observed maximum penetrations with the predic-

tions of existing equations.

Nose-Performance Coefficients. The changé in maximum

penetration between a flat-headed and a round-headed projec-
tile, with all other parameters held constant, was found to
be different than was predicted by Young (Ref. 28:16).
Young determined a factor of 0.56 for a flat-headed projec-
tile and 0.72 for a round headed projectile, based on a
bullet-shaped, 9.0 CRH tanzent ogive nose with a value of
1.00. i

. Shots 54 through 73, in Table IV, Appendix A, were
used specifically to check this variation. The mean pene-
tration of Al-2-R in shots 54 through 63 was 12.3 cm, that
of Al1-2-F in shots 64 through 73 was 11.5 cm. Assuming
that all other parameters in the Young equation were con-
stant, the soll constant required that the nose~performance
-coefficients for the flat-headed and round-headed projec-

tiles be 0.60 and 0.65 respectively.

The data from which Young extracted his values was

" from penetrations with projectiles three inches in diameter,

much larger than the diameter of Al-2~R and Al-2-F. The

importance of differences in nose shape seems to decrease

27
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as the body diameter of the projectile decreases.

‘Soil Constants. The soll constants for the Petry,

Moore, and Young equations (Eqs. (6); (7), and (9) ) were
determined from the observed penetrations cf the basic
,pﬁo@gptile at an impact velocity of 1250 cm/sec. Each

:equation was forced to predict the sample mean of 11.9 cm

"with all parameters except the soil constant either known

or assumed. The‘constants were the following:
Petry -K = 0.281 (cm7gm)
Moore -K! = 0.0017(sec/cm%)
Young -S = 1..70 (dimensionless)
ei: Thg Nara equation (Eq. (10) was also solved for the
:§aiue‘of its constant using thé same data. Solution by
qbﬁpqyer:waé‘rqquined, and the value of b was*fqund to be
0,001 @m/em®s ‘

) With these values of the soil constants, the -equations
were plotted‘over a range of impact velocities and the data
@rﬁ@ shots 31 :through- 52 wefé plotted against the resulting

cufvés. The graphs are found in Figures 4, 5, 6, and 7 on

fhe following four pages. Shots 31 through 53 include data =

from both Al-1-F and A1—2-F penetrations. They differ cnly
in projectile mass, so curves for each mass are drawn for

each of the four equations.

Gravity Testing
In the section on laboratory testing, it was pointed

ouf that a difference was noted between the maximum

23
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penetrations of 1.00 g shots with the basic projectile in
the laboratory and 1.00 g shots with the same projectile A
during level flight. 1.00 g shots, 1 through 7 only, are ’
. included in this section. In this way, the factors thai
caused the difference in penetration should act on each
shot aboard the aircraft and not mask variations due to
gravity.,
fratering. A crater was formed in the sand with each'
penetration. Although measurements were not made, crater:
dimensions seemed to increase with decreasing gravity. The
high-speed films showed that the crater in each shot did
not begin to form immediately at impact, but that formation
was delayed a significant time. It appeared: that the proé
Jjectile had nearly come to rest before a noticeable amount

of ejecta was thrown from the forming crater.

Maximum Penetration Versus Gravity Level. Time and
scheduling difficulties restricted the amount of data that
could be taken at different levels of gravity aboard the

aircraft. For this reason, the basic projectile, Al-2-F,

at an impact velocity of 1300 cm/sec was the only arrange-
" ment that wés tested at each gravity level enough times to

draw statistical conclusions about the resulting penetra-

tions. The following table is a collection of the penetra-

tions used to obtain results indicated in this section:

33
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TABLE I

Maximum-Penetration vs Gravity Level

(Al1-2-F, 1300 cm/sec)

GRAVITY | NUMBER  RANGE  MEAN  STANDARD
LEVEL SHOTS (em) ‘§§$§ DEVIATION
2.00g | 8  10.9-16.5 13.2 2.1

100 g 6 12.4-16.0 14.6 1.5
0.38 g 10 15.5-16.7  15.9 0.3
0.17 g 8 17.7-19.3  18.6 0.5

A least squares fit was made to the data from Table I

\,.gfter'thé data'was plotted on log-lcg graph paper. The
»gfébﬁ~is‘éhown in<Eigﬁre 8 on the following page. The slope
1§f‘th¢ Straighg“liﬁe £it was 0.14%, identical to the results
;théinngbnymith and Franklin and by Moraskl and Teal for
‘& -one- inch depth-of-burst (Ref 10).

The~egﬁatibné of Petry, Moofe, Young and hara were

compared to the observed penetrations. The equations of

. Petry and Young had gravity dependence only in the welght

‘of the projectile. This simple prediction was obviously in

grror and the two equations were not plotted against the

data. The equations of Moore and Nara showed an 1inverse

dependence on gravity. They were plotted against the data
of Table I. The graphs are found in- Figures 9 and 10 on

ﬁage 36. In these plots, the soil constants determined in

~ the previous section are assumed independent of gravity and

3%
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used to calculate the predicted values over the range of

gravities.

lime-to-Complete Penetration vs Gravity. The high~

speed photography method of measuring impact veloecity
allowed measurement of the time spent by the projectile
traveling in the bed of sand. This time was defined,aé"tm.
A variation of th with gravity was noted when the following
table of mean time~to-complete-penetration wversus gravity

was congstruct

TABLE II

Time~-to-Complete-Penetration vs Gravity

(Al-2-F, 1300 cm/sec)

cOsb il
AR T LR

GRAVITY t
(g) (msec)
2.00 16.86
1.20 24.70
0.38 27.99 :
0.17 \ 32.78

e m % MR e o -\-M.»z.- L NS A <
Ny r

The data of Table II was plotced on semi-logarithmic
graph paper (Figure 11, page 38) and found to fit a straight
line determined by the least squarecs method. The intercept
and slope of ‘this line were used to develop an expression

for t, as a function of gravity. Tre expression wes

tp = 33.7e7-3418 {11)
37
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which indicates a definite relationship between gravity and

the time required to stop a projectile penetrating a cohe~

sionless medium.

Maximum Penetration vs Time-to-Complete-Penetration.

Pm was plotted against th for each shot for which both were
determined. The graph is shown in PFigure 12, page 38. The
first-order least squares fit to the plotted data gave a

slope and intercept which dictated a relationship. of the

form

P = 9.02e*°21tm (12)

which indicated a relationship between maximum penetration
and the time it takes a projectile to reach maximum pene-
tration in a cohesionless medium.

Maximum Penetration Scaling Law. Equations (11) and

(12) were combined by equating tp and t . The result was
a relationship between Pm and g of the form

-.3klg

P = g.02e°71€ (i3)

S Agac
G

A

b oo

Eq. (13) predicts the values of maximum penetration

€

g; determined by thils experiment for the conditions under

% which it was conducted. It 1s a gravity scaling law but

g - may have greater usefulness.. Replacement of the numerical

factors, which apply to this experiment, with undetermined

. constants might lead to a more general equation for maximum

E 39
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penetratlon.

One use of the relationship was investigated. Based
% -on ‘the assumption that tm and, hence, Eq. (11) were inde-
é pendent of at least impact velocity, a method was devised

by“wnich an -existing penetration equation could be caused

s ,-Rv:!ﬁ“" S S ekt )
ot 2

‘.tp agree with the gravity dependence observed in this ex-

§§ pefimept.

i% The- assumption that t; was independent of impact veloc-
5 - ’

gﬁ 1ty was upheld by a.plot of these variables which was made
~' ~

for each. shot for which they both were determined. This
ﬁiqt Is spown in Figure 13; on the following page. Further
'support was obtained in a conversation with Dr. H. J. Moore
(Ref. 18) who had knowledge of an uncompleted work that had.
SHown the same intermediate result.
4"The soil constant or fdnction was the thing that. was

expeétgg to change in a different gravity field, so a logi-
éal method 6f approach was to make the constant that appear-
ed in an éxisting equation a function of gravity.
' An example is perhaps the best way to show‘éhe pro-
cedure involved. Moore's equatlon can bg modified in the
following way:
V 1. The existing dependence on gravity 1ls treated as

a terrestrial constant (unity). Projectile welght thus

becomes mass.

. 2. Eq. (13) is rewritten as
Pp = PyS*G(g) (1%)

3 40
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where P, is Moore's equation (Eq. (7) ) divided by
the scil constani, K'. G(g) is the expression

EPETRY:.
e.'.'le (15)

which is shown plotted in Figure 14 on page 43.
S'G(g) is the modified soil function.

2: The value of S' is determined by equating K' and
S*'G(g) at Earth gravity. The value of S! for Moore's
equation 1is 0.00165.

3. S'ﬁ(g) is substituted for XK' in the original

equation. The modified Moore equation becomes
P_ = S'G(g) (22)5 v (16)
m o o)

’ A plot of the modified Moore equation is shown in
Fig&re 15 on page H4i.

The method can be applied to any existing soil-penetra-
tion equation unlég% the soil constant cannot be isolated.
An equation modified in this way is good, however, only
under the conditions which applied to the experiment.

Fyrther applications may or may not be possible.

Decelefation Traces

Distance~-time data were obtained from the high-speed

films by recording the position of the back end of the

projectile in every other frame from impact until penetra-

tion was complete. (See Appendix D.) Every other frame

42
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gave an elapsed time 0" 0.62 msec between readings. The
number of data points per event varied from 35 Qo 60 de-
pending on the magnitude of tm.

To obtain deceleration-time curves, a least squares
polynomial fit was made to the distance-time data, and the
resulting expression double-differentiated. Polynomials
from order 1 to order 10 were fitted to each set of data by
a computer, and the best fit in terms of root-mean-square
residue was noted.

The fits became increasingly better with increasing
polynomial order, but computer plots of the polynomials
showed that from order 7 to order 10 the functions were not

monotonically increasing at high values of time. Such

curves were felt to be unrealistic because nc bouncing of
the projectile during penetration had ever been observed.

In all cases, the sixth-order polynomial fit had the least

BT IEL oot e A e e
e, K03
EECR

residue and was chosen as the best depiction of the actual

e fo

T e AR S8

function.

1

'y

Further support for a sixth-order polynomial fit came

T TR R

from the computer-produced plots of the double-differen-

¥ Cowrm s PO ek} ¥t

tiated functions. Double-peaked curves were produced in
all cases. This general shape agreed with the curves prao-

duced from low veloclty penetrations into Ottawa Sand by

Fuiay -‘Q“‘"’"“""&"‘W“ W

previous investigators (Ref. 21, 26). Samples of such

Gt Sy

curves are found in Figure 16, on the following page.

Four shots, one at each gravity level, were chosen

for thelr nearness to the sample mean values of Pm and tm.
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The distance-time data from all four shots was normalized -
to the forms P/Py and t/t, and plotted on ongférapﬁ; Thé;
graph is shown in Figure 17Aon page 48, ,There«uéskno: ﬁ
apparent trend in this plect. This gave éupport to the
choice of one=funétiona1 form (the sixth-order polvnomial)
for the distance-time expressicon at all gravity leyggga -

A computer program was written to produce sixth-order
polynomials of best fit from the distance-time data of
every shot fired for which high-speed films were available.
The program would also double-differentiate the polynoﬁial:
when desired, and produce a continuous plot of the function..
It plotted all data roints on the plot of the distance-time
polynomizal. The program can be found in Appendix F.

Analysis of the Deceleration Curves. Two basic curves

were generated. They were designated Type I and Type II.

Type I curves had the first peak deceleration at impact,
and the Type II curves toock some time to reach it. The’

following parameters were defined and read from each curve:

ty = time to reach first peak (msec)

£
e VAP

ay = magnitude of first peak (g)

ty = time to reach minimum between peaks (msec)

o e
T O averny
k2

a., = minimum between peaks (g)

ezl %

t, = time to reach second peak (msec)

A ¥ a, = magnitude of second peak (g)

Thirteen Type I and twelve Type II curves were pro-
duced. At least one curve of each type was generated from

the data of each gravity level. Figures 18 through 33 on

C B e o e ra ke B f A P - S o
MR T X .
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pages 49 through 64 are examples of each type of curve for
each gravity level. The curve parameters are tabulated ing
‘Tables VII and VTII 4n Appendix A, |
The following trenas were -observed in the averdges pf
the parameters at different gravity levels:
A, Type I Curves
1. Eﬁ was always zerg; 5; Was about 32$ of ﬂm’;%\
and %'2 was about 67% of f:'m at :arl.l four of the
gravity Tevels,
2. E& increased slightly with 1ncr§a§ing,gnai1§§g
3. 52 was nearly censtant over the range of
grayities.,
B, Type II Curyes ‘
1. ?1 was nearly constant over the gravity range.
£/t increased with increasing gravity.
2. &, was about 50% of t, and ¢5 about 80% of t
at all gravity levels.
3. 3; increased with increasing gravity.
b, Ev Ancreased with .in.c,r\e,as;’t_n& gravity.
5, ?a2 Ancreased with 1ncreasing gravity

‘Generally, the deceleration»timn curves are.gualita-

tively like those that hare been g~cduced elsewhere with

e

aceelerometers. anntitatively they are *ncorrect 1n Some

important ways. The curves dc not stari at impact with
Zero deeeleration arid ‘t deceleration does riot go to zero

at wm. A negatiye decéle ation at 1mpact is possible, i

though assumed negligible in other areas of this work.
65 -
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Zero deceleration at the end of the event 1s .a definite
reguirement.

The explanation -of errors in the curves must Include )
at least two conslderatinns. The ~f:i\rt_s'§ is the reading error _
Anvolved 1n obtaining the distance~time data. The second
4s the least sguares polynomizl approximation of the true
functional form, In an attempt to overcome the second

" source oOf \errm:_s numerical ‘di‘t‘:fkenem:ia,@:iph was tried. ‘The
. ;s«it;g.é ©of the reéd.i;ns error, howeyver, made »@;_é\ results unin-
_telligible, o :
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VI. Conclusions gand_ ‘Recommendations

Terrestrial Penetration Into Cohesionléss Media
‘The fiollowing conclusions can ibe ¢rawn from the re~
sults of this experiment:
1. ‘The soil constant or funetion I8 the Least well-
defined warlable dn the provilem.
2. Exact determination of the form of the soil :ne.sﬂ;s;»
tance force would yield an excet Solution to ghe -
iproblem.
3. The nose~shape .of the ;brq_dgca:iﬂe affects the maxi-
mum penetration that will result from impacting a
kc;qhe.sdi.qn’;hgss' medium at Jow welocity. The Importance

of ncse~shapé #s greater for projectiles of larger

’ body Jdiameter.
4. Figures L, 5;.6; :and 7 on pages 29 through 32,

Andicate that Young's empirical eguation is the best.

fit to the observed penetrarions .of this experiment.

'The dependences .on impact welocity and projectile
b mass :are best described by Young's .eguation in the

ranges covered by this experiment. Moore's .eguation

A MBI e LN T 4y e ST
. - - N LA

i3
6 i

ds the best semi-analyiical equation of the three

described in this work.

Gravity Effects

The folYowing conclusions can be drawn from this
experiment:

1. An inverse relationship exists between maximum

67 .
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ppenetration and gravity.
2. The soil constants of terrestrial soil-penetration

equations -are functions of .gravity. They can be modi~

fied by a Ffunction, G(g), so that the eqguations agree

[SPEN

with the results of this experiment in the range of

gravity levels and impact welocities that was investi-

BTN T e KR
CAAMN

) PR adve,
. R AR I Ay
ey LE, Y mEY P

Yl .
LR PN f»a-‘Q.‘-’..» e

gated.

*

RPN R

3. At 1.00 .8, the time~to-complete~penetration is g

very weak function of dmpact velocity and may be assum-

v

ed independent of impact veloecity -over the range of
velocities of this work.

Y. .An Fnverse relationship exists bbetween time-to-
complete-penetration and gravity.

<

EDec,e‘{Lg‘I:‘a’c»ion-‘:Time Curves

4 alz et
SR

No defiinite conclusions can be .dragn firom the results
~of the ‘decsﬂenatip.n-\t:ime curves that were developed in this
paper. The trends that were mofed in the results section
©of “this paper are wvalld in ‘that they described the waria-

tlons -of the @averaged curve-parameters over the gravity
range. The errors in the wcurves and -the method in ‘which
they :we,ne produced make conclusions without further inves-

2 1 tigation hazarcdous.

General L{onclusions

The similarity of the gravity dependences found in

previous works -might be significant. In the previcusly

68
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described work of Smitn and Franklin, the :amount :of :enengy
that was input to 'bhe Ohtawa.Sand,wasaggprpxﬂmatﬁgyLTﬂ““
ergs per detonation. The average input of*this:expeniméﬁt
was 10% ergs per impact. The real diffierences ‘in theé ex~
periments were differences in loading rate. 'The conclusion
can perhaps ‘be ¢rawn ‘that loading rate does ot signifi~
cantly affect the gravity-dependent, dynamic properties ©of
cohesionless media.

The ;previously describad .experiment of Lynch :and
Higgins {Ref. 13) was perhaps 2 static problem ‘(change «©f
bearing capacity of cohesilonless media with gravity) in
which the bearing capacity was found directly jproportional
4o gravity. The difference jbetween :this wpnkeaﬁd‘théxothens
is, :perhaps, that compressional -and :shear waves were :not
set up in the sand during the .event. This, @along with the
«evidence .of Allen, HMayfield, and Morrison, Ref. 2) indi-
cates that the gravity -effects on shear and compressional
wave velocities might be of ‘maijor Smportance ‘to ‘the -overall

gravity effect observed in -the dynamic experiments.

Recommendations

1. Fuvrther wozk in soil-penetration :should be -aimed
at f’nding the exact forn of the goll resistance force
and the soil properties of which it As composed.

2. More investigation should be done on=the~variationr
of deceleration-time traces with gravity.

3. The effects of gravity on low velocity penetration

R s
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into other types of soll should be investigated.

4, Higher penetration velocities should be investi-
gated with emphasis on the range of velocities that is
near or above the compressional wave velocity of the

target medium.
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Appendix A

Tebulated Raw Data

The following pages contain tabulated raw data from
both the laboratory and flight phases of the experiment.
Thé sequencé numbers apply to shots at a given gravity

‘level. They are chronological within each level.
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L TABLE III
: é-}‘:ff Penetration Data: 2.00 g
4 (Ottawa Sand)
< SEQUENCE | PROJECTILE v, P th
%; NUMBER (em/sec) (em) (msec)
¥ §¥ 1 Al-2-F 1371 12.1 18.30
3 5; 2 n 1371 11.6 14.88
%\} 3 " 1331 1019 16012
- i n 1277 11.0 14,88
’ 5 " 1344 16.5 25,42
6 " 1424 16.5 25,42
7 # 1387 14.7 21.70
) 8 u 1408 15.3 23.56
9 " 1177 . 15.5 28.04
10 " 1280 13.7 21.70
75
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GSF/MC/69~6
TABLE IV
Penetration Data: 1.00 g .
(Ottawa Sand)
SEQUENCE | PROJECTILE v, P £
. NUMBER (ecm/sec) (em) (msec)
1# AL-2-F 1312 | 13.4 21.08
i 2% ' " 1248 12.4 19.84
J 3* " 1390 16.4 27.90
4 z 1315 16.0 29.76
E 5# " 1395 16.0 26.04 g
% 6% ' i 1376 k.7 23.56 k
g 7% |  Al-1-F 1277 13.3 18.60 ?
g 8 Al-2-F 937 11.7 25,90 )
9 . 895 10.7 25,60
? w [ 937 9.9 22.10 '
: 11 | : 1250 11.3 20.50
é 12 " 1125 11.8 20.50
é 13 ‘ " 1365 12.5 20.80
§ 14 : 1375 12.9 22.10
:
4
é ¥ = fired in level flight )
76
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TABLE IV (ccnt.)

(tn‘not available’)

SEQUENCE PROJECTILE Vo ' Pm )

NUMBER (em/see) | (en).

15 Al-2-R 140 | oaky
16 Lo 1290 1 35
17 " ’ 1500 16.0
18 " 1690 17.3
19 A1l-2-F 1120 144
20 v 1290 14.6
21 . " 1500 15.7
22 " 1620 | 16.0
23 A1-2-R 945 15.9
2l " ' 1100 16.2
25 " 1276 16.8
26 " 1410 18.3
27 A1-1-F 930 14.5
28 " 1080 | 15,4
29 " 1240 16.4
30 o 1380 17.3
31 Al-2-F 847 ; 14.6

32 " 837 11.7
33 " 1140 12.0
34 ' 1140 12.2
35 " 1270 12.9
36 " 1270 13;u
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SEQUENCE
_ NOMBER

E e c dhio A
F T T BN A i Y e VNI

|

TABLE IV

|, PROJECTILE

'\(‘C.On\t )

v
0

(em/sec)

YR VO IR S A SRR | e o

e

(em)

o N
~

37
39
49

i

ATe2-F

"
A1-1-F

"

]

N

"

"

"

"
Als2=p
AL=1sF

»“‘

"

78

1470
1470

14.4
14.9
14.3
13.6
13.2
13.4
13.:8
k.0
i4.8

15.2

159
14,4
13.7
1351
11.5
11.6
12:0
12.2
12.3
12.3
12.3
32.3
12.3
12.4
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TABLE IV (cofit.)
SEQUENCE || ‘PROJECTILE
'NUMBER

v
e}

T~
[T

(iem/sec)

|
1
Al-2=R ; }' " 9320
|
?

. 61
62
63
6l
65
66
o
68
69
70 " 1320 11.6
71 A "' | 1330 | 11.6
1330 116
: 72 v} 1320 - 12.6
Th Al~2-R I 12k )} 13 2
5 § 4 | azso |

!
T
\

t 1320 | 12.4
1330

Al-z-F | 1330
u , izz0 | L.

| 1310 1.3
| 120 ] 11
" 2330 | 1.3
.. oo | s

=
B
T

o en v e aerm o o Atemer 2 eres b A i Sy o et
g v .

P

e

&
.'\’3

76 " | b0 b 334
{717 i ) ' A 5} 1,/21“@

78 | n - daup
79 | " | 12w0
80 ‘ ' " 1 1240
81 ' E ~§ 22k0

w
Y
o

’ . 82 | m-2-F | 2250

P P

83" " | zes0 | 1.7

84 ' " ' 1250 5 11.7
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TABLE IV (cont.)
‘SEQUENCE
‘NUMBER

'PROJECTILE v o

(em/sec?) {(em?)

85 AL~2-F
86 "
87 "
88 i "
89 at
90 A1-1-R
91 I " 1240 34,7
92 " 1240 [ 25.0
93 t 1230 I 15.0
9l " 1 1220 | b8
95 - a 1220 2.6

1250 11.6 i

1250 11.6

1250 11.4

2250 11.5
4250 11 .6

2240 142

96 " 1 12220 1.5

91 - | 2230 4.5

98 A3~2~F 1210 | 33.0

59 ; " w20 | 1228

200 x . 1250 -2z

101 f " {2260  f  d2T -

202 foo | 2270 32,7 —_—
103 | meo | x240 5 3246 (
104 | ‘" 1240 § 12.6

105 | " | 1260 1246
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I
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TABLE 'V

‘Penetration Data: '0.38 ;g

{Ottawa Sand)

ey SRS AREETY
A E TR
R f

a

SEQUENCE || ‘PROJECTILE ]| W,

‘NUMBER (em/isec) (rem)

-
‘ ¥ AT, w0 LI
- N o

- i’
.
s _m\,,,o(wm%wg\i?tf? A
R S0 4

{msec) -

a I pa-o-F 1322

2 " T277 &15.7

3 ; " 3207 a15.5

b s o v Sataiiininrn Boma aun ket s i<

g?,

3

-
e
:

5 " 277 | 25.9
m T238 | 36.0
"' 1257 6.7
- t " 1306 - 25.9
9 ' 277 | 466

o mem || 263
a1 m w67 ;‘mi..m

=
&

AV
‘
o
7
" 1
1, }

ﬂmt
=3

e

i RS " R I
R AT TR Y
»
=
Q

N

&2 " 2394 5.0

s i
1

33 " 1056 “ 5.2

2097 6.l

2 ST N

P

81

€T

o 2267 5.6

s i b A i
ERNE A

A oo e

2852

ks

25,21
25,462
31462
28.212
128,752

i éﬁﬁ&g '

26.35
31493
| 3192
295 -
28.21
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TABLE VI
Penetration Data: 0.17 g :
(0t iwa San<)
SEQUENCE | PROJECTILE Vo By T
NUMBER | (em/Bec) I -(em) ~ (msec)
oz AI1-2-F | 2253 | 8.0 | 30.70
o i o 1395 | 17.7 | 3474
3 v | 1376 4 18.5 0 | 3436
TR | R AR N ¥ 0% S A VU113
5 ‘ w4361 | 1923 | 35.96
6 wo |t | 193 | 3472
o1 v fwm [ e | osnog
5§'¢ wJ' N R b ‘]3:5':.;9: i - :}S—"l; ;xgi '.,
10 " ‘ ¥OL8F b 33uTk
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TABLE VII
Deceleration-curve Parameters. ‘
Type I Curves
SEQUENCE a; t, a, | ¢t, a, téA
NUMBER (g) (msec) (g) (msec) | (g) ‘(@sec)
0.1
1 110 10.5 25 21.5 53 | 30.70
3 140 1.0 | 30 20.0 38 | 34.36
4 165 9.5 27 18.0 37 | 31.00
5 70 14.0 33 | 23.0 36 | 35.96 ‘
6 52 15.5 30 | 27.0 36 | 34.72 i
1 170 11.5 33 | 21.0 | un | 21.50 |
4 145 9.0 32 17.5 b7 [ 25u42 .
6 53 6.5 b2 | 17.0 | 47 fféiggohfi'/ ?
10 s | 10.0 | 24 | 2000 | 42 | .84 .
3 190 9.5 b2 | 16.0 46 | 27:96. -
4 198 9.5 28 16.0 38 | 29476
5 120 9.5 39 17.0 s | 25.42
7 103 10.5 37 18.5 45 | 25.42
83
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Appendix B )
Properties Of the Target Mediun R
The cohesionless medium used in the experiment was ’
obtained frum Soiltest Corporation, Evanston, IlliﬁOiSw ;iéA
was trademarked Density Sand, CN-501, but QS'QGFtePJKQQWQi
as Flint Shot or Ottawa Sand. Some properties OfiéhiSs.-j
medium are given in the following pageSs ‘ -
Particie Size e
Mechanical analysis is a method by which the partiole
sige distribution of a granular ‘scil can be Qeterminedi_;
Analyses of several samples of the target medivmfshbwedw
that 99% by weight passed the U.S. Standgyd Sieve Number L
] . 20 and 97.4% by weight was retained .on the U”Sﬂ Standard
;\ Steve Number 40. ‘This implied that 98. T4 by v'téight oF the
'ifi. " same. particles were between the»limits of 0 A end 2 0 mm
é%f ’ in diameter. ¥\ typical grain size disuribution\nu”ve is
X %gg shown: in Figure 3# on the following*page. This diutribu-‘__
i %Si tion yielded the: following grain size*classification e
‘ziﬁff coefflcients."- “ ' ~; 1'J~;‘ -t ST
%E « ) Coefficient of Uniformity.'; g:%‘iﬁv 38 L
3 Coeffieient of Gradation . 0'92 - »
U Effective S17e . » . « 5 . %% b 047 mm:lf“:» )
%; ‘ The abové coefficients indicaxed a poorly gredea _ ; :
% - : \ (uniform) sand. Under the Unifled Soll elasvification B
i 7 “ ‘i System it was olasgified‘SP,~sagd“pporlyigreded §ﬁe£:c¢hi:‘ “
;. %f ) 40). o - - f.gﬁ>;h;iz_§\ )
4 :
'?, \ 85 N
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The uniformity of the sand was one of the basic rea-
sons for its selection as the target soil. A well graded
medium would have fine particles intermixed with the larger
grains. These fine particles would tend to settle into thg
voids between thg large particle and cause the sand to com;

pact under vibration loads or repeated limpacts.

Water Content

It was desirable to have a target medium that would
maintain a nearly constant moisture content. It was im-
possible to test the target sand for water content at each
firing, so the only way that a constant water content could
be assured was to use a medium that had no water content at
all.

The sand was tested for water content before and after
the penetration tests were made. Four samples from the
target were analyzed in accordance with the standard mois-
ture content test as outlined in AFM 88-51 (Ref. 2). No
traces of water were found in any of the samples and on
this basis‘it was concluded that the water content of the

target was negligible throughout the experiment.

Void Ratilo
The packing condition of the sand grains in the target
medium was meéasured by a standard soill property called the

void ratio. The wvold ratio is defined by

e = — (17)

i v ¥
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where Vg 1is the volume of so0lid particles making up a
sample, and V, 1s the difference between Vg and the total
volume of the sample. Vy 1s normally filled by air and
water, but negligible water content had been established for
the sand and Vv became the volume of the sample that was
‘oceupied by air.

It was important that a relatively constant void ratio
be maintained during the experiments. Changes in the pack~
ing condition of the target would cloud the results of
varying gravity.

The void ratio can most convenlently be determined

fron the formula

Ws--l (18)

G = speclfic gravity of solids

Yw= unit weignt of water

V = total volume of soll sample

wg= dry weight of solid particles in a sample

Five samples of the target medium were taken by pouring

tpe sand slowly down the sides of a pre-weighed, graduated
flask. The values of V and wg could then be determined.
Assuming a specific gravity of 2.67 and v, of unity (Ref.
24:27), a maximum void ratio (loosest packing condition)
was determined to be 0.71; This gave a unit weight of 97.5

pounds per cublc foot.
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Five other samples were taken and vibrated sevgrely in
the graduated flask until there was no noticeaﬁle-re&ﬁc€i§h~
in their volumes. Values of V and wg were taken for thése.

. samples and a minimum void ratio (densest packing cohgiﬁidnj
of 0.65 was determined. This gave a unit weight of iOZWS\
pounds per cubic foot. ) -

From the maximum and minimum densities it was=seeﬁf |
that the sand target would not be expected to vary in den-
sity more than 5.1% under the mcst extreme conditions éf ;

vibration.
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Appendix C

Description of Equipment

The following is a detailed description of the equip-
,M¢Qtnﬁ§¢a iﬁ\the gxperiment. It should clarify questions

arising from the discussion of Section III.

e drerast
X A KC~135A. was ‘'useéd for simulation of the gravity
iﬁﬁblS'reQuiféd'by the experiment. The basié cénfiguration
was a Boeing 707 as altered by the Air Force to fi11 the
'daties.of an aeriaiArefqelgng tanker. The alreraft was
further modified by Aerchautical Systems Division, through
:§iﬁi1;aﬁ contraét, to enable 1t to f1y controlled parabolic
:ﬁéhéﬁ?érs’1ﬁsgh1éhggiawityasimﬁlatipn»doulq'be accomplished.
:Qhevaiicraft isicapaﬁie;bf;préﬁucing»éimulated gravity con-
ditions from 0.00 %o 2.00 g. 7
5tA1téra£@on basically ~onsisted of mountiﬁg accelerom-
etergpand,gauges in the aircraft, placing electrical
cqntfols:an the automatic pillot system, and padding the
interiof of the fuselage.,
A photograph of the aircraft and a profile of a Zero-

Gravity maneuver can be found on page 102 of Ref. 22.

Piywood Enclosure

A plywood box, Uift x 4 ft x 5 ft, previously used in
AFIT thesis work aboard the aircraft (Ref. 22:103) was

found and adapted to this experiment. The box had
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previously been accepted for flight aboard the airecraft.

rhis made acceptance of the project somewhat easier to

obtain. ’

. The only 2lteration of the box was repositioning of
the lower window on the back side. A1l other :adaptation
consisted of attachments to the intérioriand(exterior. The
fully\configuréa box is shown in Figures 35, 36, 3j,¢énd

38, on the following Tour pages.

Alr Gun

The air‘gun~wa§§ﬁade up of five basic parts. They

were the pressure chamber, the.eompréssed alr inlet dine,
the barrel and trigger assembly, the :solenold trigger;fand»,
thewsﬁpﬁ&rtﬁéng;g34'

. ~ Pressiire Chambsr. Thé pressure chaiber was made from

a cyiingéicaj ﬁteéilséétipﬂg 1/2 4nch thick,.ﬁ'ihg&éé:iﬂ

- outer diameténg.andjs.;/g inchés long. Circular steel
welded to the oper ends of the cylinder t~ foﬁmwawdlvséda
chember. ‘

‘ A hole was bored into ﬁhe.cylinder‘yallganﬂfﬁag;fappéé
to accept a pressure threaded cbmpréssed‘air“inlet;plpé.

A circplﬁr>anéa at the ceénter -of the bottom plate;was
polisned to_p:pvide:a mount for\fhe»bérrel and trigger
assembly. A smoo;h:hale, i/2 inch in dlameter was bored
through the plate at the renster of the polished area. Six

. threaded holes were tapped into the polished area to a

21
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chamber at the bottom.

These prov;dea.a means

«"'

R

3
3.

CatfAber

%

Vs

WBITA IS

su né chamber ?nd thgiothe

jas passed fhrough a

‘ ;’1‘:"

The

qyﬁ r end was fitted to

. e

,the xi?‘.e_;'%ment» Sse

Compressed<ain‘was “rought to the line through a 150

- “-e_

N, e

R w/ {

q}nféﬁced

- -

N

'Tne'baff B and trigger

é Assemblx

»,,.,, Pl ,‘x". o9

,barrel and a mounting’prate %o

:’A

N

basically%g

e sl

§gehedzmountiné‘gqsts for the trigger catch
- sprin - ,

L

6 ?a.?irffe?}

ﬁé .a 1en th of 'steel tubing, 12 inches

g_andﬂl/ inch in lnner &iameter. The mounting plate

w&s bgassyw~,t,Was gut in a circle to fit the pollshed area

L - 96
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‘,1nchesilong;gnd"tapgred from a -1 1fhﬂ£gq§~widuﬁgwher¢:it R

‘inch in inner éxameter;..,

:been‘cup,frqm 1/3 iqph steelgshee@, The catch p ate.ggg 3

LY T

GSF/MC/69-6 o }»f f SR

ovr iy

seal. ThiS'washer g&s

‘parallel.to the bar"el and on.- eithen.side-of it, One post

was sleeved to exactly 2 inches rrom‘

To thlq pcst was attaﬁhed a trigg r catch nlate uhat ha&

was attsched to6 the post to.a 1 inch width on its free efid.
Both ends of the catch plate were rounded. The wider end

was atvachcd to the sleeved nounting post 30 that the platev

could swing Sreely perpendicula“ to the barre1~

At the p0¢nt where the cateh pxate met the barrel, ér

chord section of the barrel was cut out so thac¢ the edge of
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Ehé“babrel and was connected to the other mounting post

o ML) kS

-

wspr*ng.x Thi spring~held the catch plate firmly in the

- [

;gthe ba:rel.

eatcﬁ plate but on the side opposite the spring. This was

;fji, (Ser Figure 39 on the following page.)

“A 2% volt DC soleroid was used to

; ixconstaﬁt trigger pull each time the air
mhe solenoid was mounted on tﬁq gu§§ide of

; ‘ The force with which it pulied a ferrous
’~9bjeet int0=1ts core was tranaferred by the Lanyard to the

TN S :(r:.

ii’ftrigger'caé +h plate to firé the gun.

f} ;' - The%wizgylanyard from the end of the catch plate was

- 7 ‘attzched’ %o a metal washer. The washer was placed over a

cast iron nipple, and was held in place by a cap. The
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15%15% 25" Support
Angles (2)

Trigger Catch Plate

— .

Tie Down Flanges (4

FRONT VIEW

Pressure Chamber
GC—— -+ — -
|

— Rubber Washer (1251.D)

i : #1
} it |
W > Wire Lanyard to
N . Solenoid
Spring

Barrel (.5"1.D. STEEL)

Blast Suppressive Holes (3)

-

X @

Figure 39. Compressed-air gun.
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nipple was passed through a hole in the side of the en-
closing box, on the side opposite the entrance of the com-
pressed air inlet plpe. On the outside of the box, the
protruding nipple was threaded into a union. -The outer
diameter of the union prevented the nipple from passing
back through the hole in the box.

A hole was drilled through the short axis of a block
of wood, 2 x 2 and 4 inches long. This hole was slipped
over the union on the outside of the box. The block was
then fastened to the box with wood screws sc that the holes
in the wood block and the box were concentric.

Another nipple was threaded into the open end of the
union. The solenold was then placed over the nipple and
" .attached flush to the wood block with screws. The union
was then trapped wiéhin the wood block and had about 1 inchk
of Lateral freédom along the axis of the lanyard. (See
Figure 40 on the following page.)

} The electrical circuit of the solenoid consisted of a
2l volt DC power source and a normally open switch. During
the grouﬁd tests in which high-speed photography was not
used, a microswitch, spring-loaded to open circuit, was
manually closed to fire the gun. When photography was'u§ed
the electrical timing circuitry closed a relay after the
" proper delay, and this fired the gun.

' The wire lanyard was adjusted so that it was tight
enough to dislodge the trigger catch plate when the belt

was pulled into the solencld,. but ioose enough so that the
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¢ spring could return th: plate to the notch in the barrel.

* ‘The .proper tension was found by trial and error.

B Spppggt Angles. Twin support angles were constructed

3£pom:5teei1aqéle stock. They were 4 feet long overall,
1nciudlng steel plates wélded to each end. TWoiholesrwere
:}giﬁl@ed ;ﬁf%he horizontal legs of each angle. They were
;pgés‘it{iéi;iéd*it'_o‘» ¢6incidé with the holes in the tie-down
:gignggé'og ;heﬁppéséure chamber when the barrel was directly
'kgy§?1$hé'ééntep~6§;t§e:sand‘tgrget. When'boltéd to the
%$i§g§ﬁéflﬁh§,éhblqsing 5ox, these angles formed a solid
~‘;pléﬁfdrm“fbr the air gun. The angles were placed in the en-
'wgloéing'60x<aﬁ a height which provided about 2 feeﬁ of free
fall of the projectile from the muzzle of” the gun to the
surface of the. sand bed. .(Seé Figure 38, page 95 )

Ogeration. To operate the air gen, a pro,jectile was

R S e

eéﬁémpggeg'gqtp the barrel. The back end of the project;le

:Q*fgggﬁhgld firmly against the rubber-washer pressure seal by

z?hé<%figger catch plate. The catch plate passed through

_xvhe chord section cut frcm the barrel .and engaged a notech
- < dn the proJectile. This,completed the pressure seal cf the
” ghamber. -
_Tne.shut-off valve was then cpened and pressure was
\ alloweéd to build up to the desired level in the chamber.
Théipressure level in the chamber was read on the éauge in
the inlet line. At the desired level, the shut-off valve

was closed. The gun was fired by eifher manually or elec-

trically closing the switch in the solenolid trigger circuit.
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‘The magnetic field created in the core of thé sblenbid \*1f'nj‘
pulled back the iron nipple. This motion was transferrea :
a2long the lanyard to the <cateh plate‘which was pulled from

. the ncteh in the projectile. The pressure seal was brdken
anG the compressed air in the chamber expanded down the
barrel, pushing the projectilie before it. : ] N ,i(;
The pressure chamber was sealed with a speg;ﬁi'qlpsea;i
plate ia place of the barrel and trigger assemblyjand,hid§0£a
-Statieally tested to a pressure of 800 pounds per squafe’ ‘
ineh prior to the first grcund tests. Chamber.pressuréé{,;"

veloecity curves for the air gun were determined in the pres

" e AL v
A, P O Ta L Ao R
SR SR E- DU LA RN 2 i £
n St d

liminary ground tests and are shown in Figure 41 on the

follcwing page. The maximum velocity which the alr gun. cam:

14 R VD 2,57, P
[ R0 N Seupegtion £ ORI

produce with the available projectiles is not known.

T A S

Projectiles

3

5

d

2

5y
;

4

The projectiles were made from either alumihum‘@éﬁ,“
stock or aluminum tubing. The projectiles made from either
material were ldentical except for thelr weights. Réplégeé
able points were made, one flat and ihe‘other hemigphér1¢alz
Both projectiies had a circumferential notch, 1/8 inen T
square, cut into thelr sides, exactly 2 inches from the
back end. 'This notch was engaged by the trigger catch
plate when the projectiles were loaded.

The main body of each projectile was a cylinder, 1/2
inch in diameter and 12 inches long. The loading end of/

each was tapped to accept the threaded replaceablis polints.-
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With either point on the projectile, the overall ength
became 13 inches. Figure 42 on the following page is a
detailed photograph of the light weight projectile.

Veloeclry Measurement Systems

There were two methods of measuring impact velocity
used in the experiment. One method made use of the sensi~-
tivity of a photo diode to change; in iigh* intensity. The
other used a double-exposure, high-speed photography “tech-
rique.

Photo Diode Method. This method provided a means of

measuring the time that a projectile of known Iengﬁhfsﬁaded
a photo diode from a light sourcs.

The prhoto 'dicde was positioned near the path of the
T21ling projectile and at a distance :asbove the surface of
the sand bed that equaled the length of the projectile.

The time measured in this way was the time 1t took the pro-
Jectlle to cover the last 13 inches before impact. The ve-
locltles which resulted were averages over this distance.
Negliglble acceleration was assumed to convert them to
impact velocities. TFigure 43 on page 107 is a schematic of
the system and Figure 44 on page 108 shows an examplie of.
the polarnld plctures taken by the ‘oscilloscope camera of
the response of the dloge.

High~Speed Photography. Thls method made use of &

pre-exposed grid in the plane of the path of the projec-

tile. The grid was photographed on each frame of each 190
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trace.
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foot roll of film at the same distance from the iens of
the camera as the projectile was to be during the test.
The grid gave a true distance scale in each frame. The
fllm speed was marked with a millisecond timing pip to

provide a time base.

The camera was a Fairchild Motlon Analysils Camera,

£t Model HS 10i. It used 16 millimeter roll film and was run

at 3200 frames per second. The lens was Elgert, 1.3 mm,

R

!
SN

g% £:1.5, wide angle.
S
4 The camera was mounted on a fixed platform attached to

T

LI
2 Z
Wﬁ"“

the outside of the enclosing box. It photographed the pen-
etrations through a glass window. (See Figure 37, page 9l4.)
Fcur lights were mounted on the inside of the box to
1lluminate the penetration events.
The electrical circultry required to correctly time
the steps in the firing cycle was designed by Mr. Jack
Warwick of the Technology Photography Division of ASD.

Precise timing was necessary because the high-speed camera

exposed a 100 foot roll cof film in about 2.% seconds. The
@i cycle was started by closing one switch. The lights in the
~ box cane on immediately and were followed 1in 2.25 seconds
by the camera. Exactly 1.3 seconds after the camera had

started, voltage was applied to the solenoid and the gun

was fired. The entire system shut down automatically when
the roll cf film had been used up.
Detalls of the camera, lighting, and exposure were

handled by Mr. Merl Worland, eslso of the Technical Photo-
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graphy Division. During the four fiights, the camera was
cared for by SSgt Dominic Miglionico and TSgt George
Alvarado on different occasions. Both men were assigned to
the Directorate of Flight Test, ASD, Wright-Patterson AFB,
Chio.

The wiring dilagram of Mr. Warwick's circultry is shown

in Figure 45 on the following page.
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Appendix D

Measurements and Sources of Error

Two types of measurements and calculations were re-
quired in this work. They were related to determination of

impact veloclty and maximum penetration.

Determination of Impact Velocity

Both methods of calculating impact velocity, photo di-
ode and high-speed photography, were based on an assumption
that the projectile was not accelerating during 1ts flight
from the gun to the sand. The assumption was better in the
high~-speed photography method because smaller increments of
time were consldered.

Photo Diode Method. An average veloclity was determined

for the projectile in its last 33 centimeters of flight
before impact. The length of the projectile was known to be
33 centimeters, sc the increment of distance used in the
calculation is without error.

The sweep rate of the oscilloscope which recorded the
response of the photo diode was 5 msec/cm and was glven as
accurate to plus or minus 3% by the manufacturer. The
reading error invelved estimation of the point on the photo-
graph at wnich the trace began to return to base voltage.
Estimation was required because the diode had a finite re-
action time which was evident in the photographs. Based on
the width of the trace, the accuracy of reading its length

at raised voltage was plus or minus 0.1 centimeter.
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The time increment was calculated by multiplying the

we |V

length of the trace at raised voltage by the sweep-rate of

the oscilloscope. For a length of 5.4 ¥ 0.1 em and a sweep

rate of 5.6 ¥ 0.15 msec/cm, the calculated increment of time
would be 27.0 msec with a high of 28.4 mseec and a low c¢f

25.8 msec.

TR —

The resulting velocities would be the 33 cm distance

increment divided by the different time increments, or 1220

Al £ oo o b

cm/sec with a possible high of 1280 and low of 1160 cm/sec.
The assumptions of an ldeal point source of light and a
point face on the dlode were not realized. These factors

would 1increase the error involved, but to sucir a small de-

B JAbS A

gree that they are negligible next to the assumption of

zero acceleration. Accepting this assumption, it would

SO W oy

probably be conservative to state that this method of meas-
uring impact velocities was accurate to t 75 em/sec.

High-Speed Phctography Method. The pre-exposed grid

used to determine projectile position was photographed sc
that parallax errors were avolded. The grid was constructed
tc an accuracy of * 0.1 em. This was checked by measuring
the last 5.1 cm known length of the projectile at different

depths in the grid. The reading accuracy of a2 given posi-

R Y B R ST T T O AT R AT A O
&) :

tion of the projectile was determined to be ¥ 0.2 cm. This

v
FRSTRAN

was done by anaving three different persons read the same
. film and record their results without prior knowledge of

the results of the others.

FrEay | s w R M A n i e S I et

The films were read by displaying them on the screen of

i
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an Eastman R2cordak viewer. At the highest magnification,
about three frames at a time were displayed on the screen.
A cardboard strip was marked and numbered so that it could
be laid on the screen of the viewer and used as a ruler to
ald in counting the number of lines from the top of the

grid to the reference point on the projectile as it appeared

Ain the frame. The position was estimated to the nearest

tenth of a centimeter since the lines of the grid were 0.5
em apart.

The wveloclity increment was determined by counting the
number of frames between the millisecond timing-pips on the
edge of the film. This could be done only to the nearest
tenth of a frame. The result was a number of frames per
millisecond which could be directly invertad to obtain
milliseconds per frame. The average film speed of this
experiment was 3200 frames per second accurate to I 100
frames per second. The time increment per frame was thire-
fore 0.31 msec/frame with an accuracy of % 0.01 msec/frame.

Impact velocity was determined by reading the last five
frames before impact. The time increment was about 1.65
msec and a typical distance increment over the five frames
was 2.1 ¥ 0.2 ecm. The resulting average velocitles over
this increment were 1270 cm/sec with a possible high of
1390 and low of 1150 cm/sec. At this range of velocities,

the possible error was, therefore, 8.7%.
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Determination of Maximum Penetration

Visual Method. A sca'e, graduated in millimeters, was
used to measure the complement of penetration. Readings
with it were accurate to ¥ 0.05 cm.

Determination of the height of the initial sand surface
above the floor of the crater was done by laying the alumi-
num plate at the base of the projectile as it stuck up from
the sand. The top of this plate then defined a horizontal
reference plane, 0.6 cm above the initial sand surface.
Irregularities beneath the plate were slight but could have
caused its position to vary * 0.1 cm.

Some projectiles were observed to be ti.ted from verti-
cal after a complete penetration. The amount of tilt was
never observed to be more than about two degrees. The
scale measured only vertical distances above the plate but
the error involved at thls small amount of tilt was less

than the accuracy of the scale.

High-Spced Photography Method. The errors in determin-

ing maximum penetration from the high-speed film were bas-
ically due to limits of the grid and reading capability.
Another factor was the difficulty in determining the exact
position of the projJectile in the grid at impact. In some
of the films, the bottom oif each frame was poorly iighted.
The only way to locate the frame of impact was to note in
a good roll of film the position of the back of the pro-
Jectile relative to a fixed point in the camera field when

impact occurred. The grid in these cases was used only to
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measure the vertical distance between the back of the pro-

Jectile and the reference point.

When the frame of impact could be seen at the front of

the prcjectile, the pessible error was plus or minus one
frame. This meant a position error of one-half the average
glistance traveled by the projectile at its impact velocity.

At an impact velocity cf 1300 cm/sec the error was } 0.2 cm.

The overall error in penetration measurement was

0.4 em.

Other Sources of Error

The following additional sources of error were noted:
1. Fluctuations in the atmospheric pressure aboard the
aircraft were a possible source of error in light of
the signiflicant changes noticed from the laboratory to
an elevation of 53900 feet in the alrcraft. The magni-
tude of the error involved is not known.

2. Possible fluctuatlons in gravity level during the
level flight tests would also affect maximum penetra-
tion. The magnitude of the fluctuations is unknown.

3. Variations in the vecid ratio of the target sand
would have caused variations in the penetrations. The
maximum expected change in void ratio was 5.1%, but the
corresponding change thic would cause ir other soil
properties cannot be determined and might be signifi-

cant.
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Appendix E

Derivation of a Semi-Analytical Equation

To show in depth the method used to develop semi-
analytical equations, a derivation of Moore's equation
(Eq. (7) ) is presented in this sectlon along with the
derivation of &4n equation based on another form of the soil
resistance force. The second equation includes Moore's
suggested dependence on confining pressure, and. adds the
fluid dynamic drag consideration of a buoyant force depen-
dent on the square of velocity. It also incliudes a possible

dependence on ambient pressure.

Moore's Derlvation

Assumptions. The btasic assumptions of Mocre's deriva-

tion are the following:

U SUUT— T, o
AT R T U S R oy
Car g R s S e e D S S AR

ROV

1. The target sell is a homogeneous mass and has no

cohesion.

PR

é . 2. The energy available for penetration is the kinetic
enerxy of the projectile at impast.

3. The soll resistance force is proportional to the

TN Ny ey + 1)

confining pressure on the soil target, and acts oppo-
site the motion of the pvrojectile on the line of pene-

tration.

AP RRERR AT AU, SRR

., The soll resistance force is independent, of
velocity.

5. The projectile is a cylinder with constant cross~

section.
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Method. Moore determines the work required to pene-
trate the soil to a depth, Py, by integrating hls assumed
soll resistance foirce over the depth. He squates the re-
sult to the kinetic energy of the projectile at impact.

The soll resistance force assumed by Moore i3

F = Kpgzh, (19)
where g = gravitational acceleration
p = soll density
Ao= cross sectlonal area
%z = depth into the soil
K = a constant

The work required to overcome this resistance to a

depth; Py, is

Pm ; 2
2 dz = KpgAQEE

KpgAOI =R (20)
) 2 :
The kinetic energy of the projectile at impact is
p.A LV ?
22 0o {21)
2
where Py projectile mass density

I
#

orojectile length
Vy, = lmpact velocity

Equating expressions (206) and (21), the following
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R A
n

solution for Pm is obtained

where K' = (K)~%

e

An identical solution 1s obtained if one begins with
Newton's equation of motion, Eq. (1), and neglects the

welght of the projectile.

¢ The differential equation then to be solved 1s

% Kegzho = ~MVIY (22)
where M i3 the mass of the projectile and the mass of soil
3 moving with the projectile has been neglected.

Separation of varlables gives an equation which can be
1nteérated over the known limits of the event. The condi-
tions which supply these limits are:

1. The event begins at z = 0, at which point V = Vo‘

2. The event ends at z = Py, at’ which point V = 0.

The resulting integral equation is

Pm VOrr se
xpngJ z dz = MJ vg« (23)
o o
from which the equation
KpngP; = Mvg (2h)

results.
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The quadratic formula can then be used to solve for Pm,

with the condition that P, must be positive. The result is

P = K,( 1t )zvo (25)
pgA,

vhich is ldentical to Eq. (7), if ppAOL is substituted for M.

Non~-Constant Cross-Sectional Area. The head of a pro-

Jectile 1s normaliy not flat. The results of this thesis,
compared with the nose-performance coefficients empirically
determined by Young, indicate that the coefficients are not
constants for a given shape, but vary at least with projec-
tile body diameter. The variatlon of cross-sectional area
over the nose of a projectile can be included in the semi-
«wnalytical approach to a solution if the following assump-~
tions ~re included:

1. The o:*1 reslstance force acts vertically against

the frontal area presented by the projectile.

2. The variation of frontal area with depth is a

function that can be determined and is integrable over

the depth of penetration.

An example of this situation would be a cylindrical
projectile with a hemispherical nose. The variation of

frontal area with depth is then

m(232-2%)  G<z<R
A(z) = (26)

»
o R(Z_{_a.m
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where R 1s the radius of the hemispherical nose and the
bedy of the projectile.

Including this in a semi~-arnalytical solution based on
Mocure's Lr<opyv of the soll resistance force, the equations

to be solved become

Kpgm(2Rz - 2%)z = vagI
2 (27)

= _mydVv
Kpgh,z MV =

Iz

Integrating these equations over the proper limits and
adding the results to get t+tal penetraftion, the expression

to be 'solved for Pm is

3 4
Kogh,Ph = MV + Kog ( A R? - EZ'B,E + E{.‘.) (28)

The solution for Pm 1s then

"
P = [Mvg + Kpg(A°R2~ 5’3'-3-? + l’%ﬂKogAJ (29)

Qualitatlively, this equation shows that nose-~shape can
affect maximum penetration, and that the effect of nose-

shape dgereases with the radius of the projectile

A Proposed Form of the Soil Resistance Force

Based on the terrestrial accuracy of Moore's equation
(Ref. 19) and on the dependence of certain soil properties

on confining pressure, it is reasonable that the soil
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resistance force be assuncd a function of this variable.
Consilirations of fluid dynamic drag (Ref. 7), indicate that
there will be a buoyant force proportional to velocity
squared and a [orce proportional to velocity acting on a
projectile traveling in a homogeneous medium. If all of
these terms are gathered into a form of the soil resistance

force, the resulting expression will be

F = Kpgz + K3V + K,V?2 (30)

where K, Ky, and K, are constants.

Substituting this expression into Newton's equation of
motion results in the formation of a nonrn~linear differential
equation which does not readily lend itself to a eclosed form
solution,., If, however, the term proportional to the first
power of velocity is neglected. a soclution can be determined.

Amblient pressure can also be considered by reasoning
that 1t makes up part of the confining pressure. That 1is,
the pressure on an element of soil at a depth, Z, below the
surface of a sand bed is equal to. the ambhlient pressure at
the surface plus the confining pressure due to the over-
burden of sand.

I7ith these assumptions made, the s0il resistance force

takes the form

F = K(P, +pgz) + K2V2 {31)

122

b emeanem e e m e e e o AN e e o

——

S~

~




T T T ——

s

R

-
't

CARdY

T

T oot

I

SV A TR

AR A TSI

ARSI E 2

R i

P

AW ko  ywr et

s

S et ey W,

PRUTERS ORI AR TG P Y

GSF/MC/69-6

where P, 1s ambient pressure.
Substitutang this force into Newton's equation and
neglecting the welght of the projectile, a non-linear

differential equation i1s generated which can be rearranged

into the form

av . Ko — y—1
izt V=V

K(Pp + pgz>)

I (32)

Thls is a form of Bernoulli's equation (Ref. 12:11)

which has the general form

S 4 22V = VHg(z) (33)

This has a closed form solution if f and g are con-
tinuous functions of z ¢only, and u 1is not equal to 0 or 1,

Eq. (32) can be seen to fit these conditions with

; z)
f(z) = gg g(z) = XFa * pg2)

g = -1

From the general solution to the Bernoulll equation,

the solution to Eq. (32) is

12
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which reduces to

(35)

v? = Bexp'['QKQZJ _ VK(PA + sz) R KpgM
M Ko ' 2K§

where B 1s an arbitrary constant. The constant can be
evaluated by applying the condition that V =V, at z = 0.
Pm can be determined by applying the condition that

z equals Pm at V equals 0. The resulting expression is

(36)
-3 "
M Ko 2K 5

The constants, K and K, must still be determined and
the equaticn is difficult to handle. It may not be worth
the effort involved in solving for values of Qm, since the
solution requires a computer. On the otner hand; it is not
impeossible that the constants might be definable in terms
of the soil properties.

Inclusion of the term ’n the soll resistance force
which is based on linear veloclity dependence, should improve

the accuracy of the solution, especially in the range of
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veloclties that ozcur after the projectile has nearly come
to a stop.

It is possible to differentiate Eq. (35) with respect
to time and determine a possible functional form of projec-

tile acceleration. The resulting expression has the form

N

-ay = 5% + ’[Vg-p ’%E - %ﬁ%’exp [’%&j {31
It can be seen, qualitatively, that, at impact, the

magnitude of deceleration is proportional to the gravity
field. The .expression then decays monotonically with depth
into the sand, and does not agree with the observed decel-
eration traces that have beern found in this and other ex-~
periments. The irclusion :of the linear welocity -term might
change the form of this expression significantiy. A great
deal of experimental verification is necessary before :this
expression can be used with any degree of confidence, and
a closed form of a solution should be sought with :a soil

resistance force as defined in Eq. (30).
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‘Appendix F ;

Computer Program For Plot Production .

The program presented on the following pages uses ‘the
«2apability of ‘the IBM 7094 computer and its support equip- :
ment ‘to preduce continuous plots of least squares poly-

‘nomials generated to fit the data read from high-speed
£1dms..

‘The program calls ‘two subroutines, PLSQ for the leact
squares it and GRAPHM to :place instructions for the plot-
ter onto a tape. PLSQ 1s in -the Yibrary of the computer
Legquipment. GRAPHM was writ’.~n by Capt. Ron Prater, a
student in -the AFIT doctoral program.

‘The :maln program which foilows is written in -the
?Egrmnan IV language,. It will accept data in three differ- -
ent formats, two of which require both X :and Y coordinates
of 'the .data and -one which regulres only ¥ coordinates and
Internally computes equally spaced X coordinates. The
! program -obtains the coefficients of the best least isquares
3 poiynomial of a desired order .and uses ‘them to compute

walues of :the ;polynomial over a range of ‘the independent

~variable. TIf desinred, the pnpgpam*will obhtain -the best
1easx;sguargé'pqunomial;and double-differentiate it before
lgettiqg-ﬁhe‘vaiues for a plot.

‘The following pages contain the entire main program.
3 GRAPHM can be obtzined elther from Capt.. Prater or Major

3 ; S. Johnson of the Mechanics Department, Air Forece Institute .

; 126
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Appendix G

Attempted Use of & Simulated Lunar Scil

A sample of the simulated lunar soil (Ref. 16), pro-
cessed by the University cf California at Berkeley, was
obtained in the later stages of the experiment. There was
no chance to do penetration tests aboard the aircraft, but
some shots were fired into it on the ground.

The crushed basalt had a large percentage 6f fine
particles which created a large dust cloud each time the
gun was fired. The material was found to compact under
repeated impact. The penetrations showed a lack of con-
sistency which was probably due to the compaction.

One obvious difference between the Ottawa Sand and

.this material was that no crater was formed when the pro-~

Jectlle penetrated. The material surrounding the projec-
tile was not in contact with it at the surface (see Figure
46 on the following page) and the walls of the hole }1 the
target seemed to spread with depth.
The following recommendations are made concerning
further use of this material in penetration tests:
1. The air gun must either be moved farfher above
the surface of the target or the means of propulsion
for the projectile must be changed.
2. A great deal of work must be done to determine a
way in which the void ratio ef the target can be con-

trolled during penetrations.
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3. The water content of the medium must be checked as
often as 1s found necessary to insure that it has not

chansed significantly over the time of the experiment.
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